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Deep ice core chronologies have been improved over the past years through the addition of new age
constraints. However, dating methods are still associated with large uncertainties for ice cores from the
East Antarctic plateau where layer counting is not possible. Indeed, an uncertainty up to 6 ka is asso-
ciated with AICC2012 chronology of EPICA Dome C (EDC) ice core, which mostly arises from uncertainty
on the delay between changes recorded in d18Oatm and in June 21st insolation variations at 65N used for
ice core orbital dating. Consequently, we need to enhance the knowledge of this delay to improve ice core
chronologies.
We present new high-resolution EDC d18Oatm record (153e374 ka) and dO2/N2 measurements (163
e332 ka) performed onwell-stored ice to provide continuous records of d18Oatm and dO2/N2 between 100
and 800 ka. The comparison of d18Oatm with the d18Ocalcite from East Asian speleothems shows that both
signals present similar orbital and millennial variabilities, which may represent shifts in the InterTropical
Convergence Zone position, themselves associated with Heinrich events. We thus propose to use the
d18Ocalcite as target for d18Oatm orbital dating. Such a tuning method improves the ice core chronology of
the last glacial inception compared to AICC2012 by reconciling NGRIP and mid-latitude climatic records.
It is especially marked during Dansgaard-Oeschger 25 where the proposed chronology is 2.2 ka older
than AICC2012. This d18Oatm e d18Ocalcite alignment method applied between 100 and 640 ka improves
the EDC ice core chronology, especially over MIS 11, and leads to lower ice age uncertainties compared to
AICC2012.
© 2018 Elsevier Ltd. All rights reserved.1. Introduction
The EPICA Dome C (EDC) ice core provides a continuous 800 ka
(thousands of years before 1950) record of past atmospheric
greenhouse gases concentrations (Spahni et al., 2005; Loulergue
et al., 2008; Lüthi et al., 2008) and Antarctic surface temperature
(Jouzel et al., 2007), contributing to paleoclimatic and paleoenvir-
onmental information. However the uncertainties arising from ice
core dating methodologies limit the interpretation of records in
terms of past climate dynamics, especially on long time scales.
Establishing a causal relationship between orbital forcing (preces-
sion or obliquity) and polar temperature over deglaciations, orr).making the link between polar ice cores and low latitudes climate
archives is particularly critical in this context. The EDC3 chronology
(Parrenin et al., 2007) has been developed using ice flowmodeling,
peaks in 10Be record and orbital dating constraints based on air
content and d18Oatm (d18O of atmospheric O2), especially in the
deeper part of the ice core (300e800 ka, Dreyfus et al., 2007). The
more recent AICC2012 chronology (Bazin et al., 2013; Veres et al.,
2013) was built using revised and additional age constraints
compared to EDC3, especially through the addition of numerous
gas and ice stratigraphic links, combined with the inverse dating
method DATICE (Lemieux-Dudon et al., 2010) to provide a coherent
chronology for four Antarctic ice cores (EDC, Vostok, EPICA Dron-
ning Maud Land - EDML, TALos Dome ICE core - TALDICE) and one
Greenland ice core (NorthGRIP - NGRIP). An uncertainty of up to 6
ka is associated with the AICC2012 EDC chronology for the oldest
part (Bazin et al., 2013).
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EDC3 and AICC2012 chronologies, there are evidences that these
chronologies should be revised. First, the comparison of Dome F
(DFO2006) and AICC2012 age scales over the Marine Isotope Stage
(MIS) 5 features an age difference with maximum values of 4.5 and
3.1 ka over MIS 5d and MIS 5b respectively (Fujita et al., 2015).
Second, the comparison of the NGRIP d18Oice record on the
AICC2012 chronology with lower latitudes records such as the
Northern rim of the Alps speleothems - NALPS (Boch et al., 2011)
highlights inconsistencies of several millennia between chronolo-
gies over the last glacial inception (Veres et al., 2013).
Total air content has largely been used for the establishment of
EDC chronologies (Parrenin et al., 2007) based on its link with the
integrated local summer insolation (Raynaud et al., 2007). Another
ice core parameter, the dO2/N2, was proposed as an orbital tuning
tool (Bender, 2002). Indeed, the dO2/N2 outlines variations at orbital
scale that are in phase with the local summer insolation (Bender,
2002; Kawamura et al., 2007; Suwa and Bender, 2008; Landais
et al., 2012; Bazin et al., 2016). The relationship between dO2/N2
and the local summer insolation is likely established through the
near-surface snow metamorphism (Hutterli et al., 2010) that in-
fluences snow density down to the pore close-off depth during
firnification (Fujita et al., 2009). Then, at close-off, trapping process
favors the loss of O2 compared to N2 molecules (Battle et al., 1996;
Huber et al., 2006; Severinghaus and Battle, 2006). This link can be
used to build ice core chronologies when associated with an
appropriate error bar.
The d18Oatm measured in ice cores is a complex signal that can
still be related to the low latitude water cycle (Landais et al., 2010;
Seltzer et al., 2017). This marker combines variations in biospheric
and low latitude water cycle processes, thus integrating changes in
global sea level, water cycle and biosphere productivity through
photosynthesis and respiration fluxes (Bender et al., 1994).
Although the drivers of d18Oatm variations over the last 800 ka
remain poorly known, several studies have highlighted the
resemblance between those variations and the precession signal or
mid-June 65N insolation (Jouzel et al., 1996; Petit et al., 1999;
Dreyfus et al., 2007; Landais et al., 2010). A 5e6 ka lag is classi-
cally applied between precession and d18Oatm minima, as primarily
observed over Termination I (Bender et al., 1994; Jouzel et al., 1996,
2002; Petit et al., 1999; Dreyfus et al., 2007). The existence of this
lag and the difficulty to explain it due to the complexity of the
d18Oatm signal are the main reasons why EDC ice core chronologies
are associated with a 6 ka uncertainty. A reduction of this error bar
would allow the use of d18Oatm as a better dating tool.
Advances in the use of d18Oatm for chronology construction goes
through a better understanding of processes affecting the d18Oatm. It
has been suggested that precessional variations in solar input can
play a key role in influencing the low latitudewater cycle and hence
d18Oatm through changes of the ITCZ (InterTropical Convergence
Zone) position (Bender et al., 1994; Landais et al., 2010). The role of
precession or northern summer insolation on ITCZ shifts is ex-
pected from interhemispheric atmospheric energy balance (Cheng
et al., 2016). It is visible in East Asian d18Ocalcite record with the
additional imprint of millennial scale variability. The resemblance
between d18Oatm and East Asian d18Ocalcite has already been high-
lighted (Wang et al., 2008; Severinghaus et al., 2009; Landais et al.,
2010). A recent speleothem composite d18Ocalcite record from Chi-
nese caves supports the idea that the last seven glacial terminations
recorded in d18Ocalcite were driven by Northern Hemisphere sum-
mer insolation changes (Cheng et al., 2016). Since speleothem re-
cords are precisely dated, this composite record is a good candidate
to progress in our use of d18Oatm as a dating constraint.
In this paper we first present new high-resolution d18Oatm and
dO2/N2 reference records from EDC ice core over the last 400 ka andhence complement the study of Bazin et al. (2016) focused on the
300e800 ka period. We use these composite records to decipher
the orbital and millennial components of the d18Oatm signal and
explore mechanisms driving the d18Oatm variations in comparison
with East Asian d18Ocalcite. We thus propose a novel method using
the d18Oatm data to improve the ice core dating and find support for
it through an application over the last 640 ka.
2. Methods
2.1. Analytical method
All analyzed samples come from the EPICA Dome C deep ice core
from Antarctica. 75 samples were stored at 50 C and could be
used for both d18Oatm and dO2/N2 measurements. Additional 333
samples, stored at 20 C, completed the d18Oatm series. Except for
the 56 samples measured at Princeton University by Dreyfus (2008)
for d18Oatm, following the analytical method given in Dreyfus et al.
(2010), most of the d18Oatm and all dO2/N2 analyses have been
performed at LSCE using a semi-automatic extraction line (Capron
et al., 2010). Beforemeasurement, 3e5mm of ice are removed from
each sample face in order to prevent contamination from ex-
changes with ambient air. Each day, three ice samples with dupli-
cates are placed in cold flasks and the air in the flask is evacuated.
The samples are then melted and left at room temperature for at
least 1h30 in order to extract the air trapped in ice samples. The air
samples are transferred through water vapor and CO2 traps one by
one and are cryogenically trapped into a manifold immersed in
liquid helium (Capron et al., 2010; Bazin et al., 2016). Two exterior
air samples are analyzed for each daily batch of measurements.
These exterior air samples serve as standard for dO2/N2, d18Oatm and
atmospheric d15N measurements, and are used to check the evo-
lution of our internal laboratory standard and the proper func-
tioning of our analytical set-up.
The measurements of the isotopic composition of air extracted
from the ice are then performed using a dual inlet Delta V plus
(Thermo Electron Corporation) mass spectrometer. A run is
composed of 16 measurements for each sample and allows mea-
surements of the composition of d18O, d15N, dO2/N2 and CO2 (mass
44) simultaneously.
2.2. Corrections
The raw data are corrected for several processes such as pres-
sure imbalance and mass interferences following procedures
described in Landais et al. (2003a) and Severinghaus et al. (2003).
They also need to be calibrated against the mean exterior air values
in order to express the d18Oatm, d15N and dO2/N2 with respect to the
composition of atmospheric air, i.e. the standard of reference for
these isotopic and elemental ratios. As we did not observe any
evolution in the isotopic measurements of atmospheric air through
the period of measurements, the correction with respect to atmo-
spheric air was done using a constant value for each period of
measurements. In addition to these standard corrections, we also
account for firn fractionation and gas loss effects.
2.2.1. Firn fractionation correction due to diffusive processes
The d18O of O2 and dO2/N2 records must be corrected for pro-
cesses in the firn diffusive column that directly affect the distri-
bution of isotopes. The associated fractionations are driven either
by the Earth's gravity field or by the temperature gradient within
the firn column (Severinghaus et al., 1998). In our case, the thermal
fractionation correction in East Antarctica is neglected because
temperature changes are too slow to create large transient tem-
perature gradients, which lead to the migration of the heavier
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2003; Breant et al., 2017).
The fractionation induced by the Earth's gravity field is pro-
portional to the mass difference between the considered isotopes:
2 g/mol for 18O/16O ratio, 1 g/mol for the 15N/14N ratio and 4 g/mol
for the O2/N2 ratio (Craig et al., 1988; Schwander, 1989;
Severinghaus et al., 1998). Hence, the d18O will be affected twice
as much as the d15N by the gravitational signal. To correct the
d18Oatm from gravitational fractionation effects, we use the mea-
surements of d15N of N2 performed on the same samples using Eq.
(1), assuming that d15N enrichment in air bubbles is only of gravi-
tational origin. The dO2/N2 is also corrected using d15N of N2 but
with a factor 4 in Eq. (2).
d18Oatm corrected ¼  d18Oatm  2 d15N (1)
dO2=N2corrected ¼  dO2=N2  4 d15N (2)
2.2.2. Gas loss correction
Several authors have shown that gas loss fractionation affects
the d18O of O2 when ice is stored for a long time above -50 C
(Landais et al., 2003b; Dreyfus et al., 2007; Kawamura et al., 2007;
Suwa and Bender, 2008; Severinghaus et al., 2009). This loss of O2
affects the d18Oatm following a linear relationship (Landais et al.,
2003b, Appendix A) and has to be taken into account:
d18Oatm corrected ¼  d18Oatm þ ðdO2=N2 þ 10Þ  0:01 (3)
The resulting pooled standard deviation is 0.03‰ for the d18Oatm
measurements and 0.37‰ for the dO2/N2 measurements after
taking all corrections into account.
2.3. New records
We present here new d18Oatm measurements on 408 samples
regrouping different data sets from LSCE and Princeton University
(Table 1).We also present 75 new dO2/N2measurements performed
on EDC ice samples stored at -50 C until their analysis (Table 1).
The common AICC2012 chronology (Bazin et al., 2013; Veres et al.,
2013) was used to convert the sample depths into corresponding
gas and ice ages.
3. Results
3.1. d18Oatm over the last 800 ka
Our dataset complements previously available EDC d18Oatm se-
ries between 0 and 40 ka, 98e152 ka and 300e800 ka (Dreyfus
et al., 2007, 2008; Landais et al., 2013; Bazin et al., 2016) with an
overlap between 300 and 374 ka. To display a continuous d18Oatm
record over the last 800 ka, the d18Oatm record presented on Fig. 1
between 40 and 98 ka has been obtained from the Vostok ice
core (Petit et al., 1999). The common EDC d18Oatm section between
300 and 374 ka shows a good agreement between the previous and
newdatawith comparable trends and amplitude variations. ThanksTable 1
Summary of the new EDC d18Oatm and dO2/N2 data.
Year Measurements Laboratory
2014 to 2017 d18Oatm LSCE
2008 d18Oatm Princeton University (Dreyfus, PhD thes
2014 to 2016 dO2/N2 LSCEto this new record, the d18Oatm over the last four terminations is
recorded at high temporal resolution (~300 years for Terminations I
and II, ~160 years for Termination III and ~700 years for Termina-
tion IV, Fig. 1), the highest resolution corresponding to Termination
III.
Fig. 1 displays the good correlation between the EDC d18Oatm
signal and June 21st insolation variations at 65N as already
observed in previous studies (Petit et al., 1999; Dreyfus et al., 2007).
The amplitudes of d18Oatm variations and June 21st insolation at
65N are comparable, except for two distinct periods: 190e230 ka
and around 430 ka. The high-resolution EDC record permits to look
in details at the behavior of d18Oatm during terminations. Termi-
nations I, II, IV and V display a large amplitude d18Oatm decrease in
parallel with relatively large variations in June 21st insolation at
65N and important increases in sea-level and dD of EDC ice core
(Fig. 1). On the opposite, the d18Oatm record over Termination III is
associated with a lower amplitude for the decrease and displays a
superimposed millennial-scale variability (inset of Fig. 1) as previ-
ously identified for the last glacial period by Landais et al. (2007)
and Severinghaus et al. (2009). The reason why Termination III
exhibits a different signal compared to Terminations I, II, IV and V,
may be linked to the fact that these four terminations are associated
with strong Heinrich events identified by high IRD imprint (Ice
Rafted Debris, characterized by large amount of detrital quartz in
the sediments), while Termination III is associated with a series of
Heinrich events of smaller IRD imprint as well as a smaller sea level
change (Fig. 1).
The long EDC d18Oatm record can readily be compared to the
Vostok and Dome F data over the last 400 ka (Petit et al., 1999;
Kawamura et al., 2007, Fig. 2). While Vostok and Dome C are both
drawn on the AICC2012 chronology, the Dome F chronology
DFO2006 has been transferred to AICC2012 by Bazin et al. (2016)
using the volcanic synchronization of EDC and Dome F over the
last 216 ka (Fujita et al., 2015). The resolution of Vostok and Dome F
records is lower than the EDC record (~1.27 ka and ~1.15 ka
compared to ~0.55 ka resolution respectively for the last 400 ka).
This difference in resolution is especially large during terminations.
The orbital trend is similar for the three d18Oatm signals, with a clear
resemblance with the 65N mid-June insolation. The amplitudes of
the d18Oatm signals are also identical except when the higher res-
olution of the EDC record allows a better description of d18Oatm
peaks (e.g. between 240 and 280 ka, Fig. 2).3.2. dO2/N2 record
dO2/N2 data measured on EDC ice stored at 50 C have already
been published between 338 and 800 ka and also between 100 and
161 ka (Landais et al., 2012; Bazin et al., 2016).We present here new
measurements for the time period covering 163e332 ka (Fig. 3).
These new data allow a continuous record from 100 to 800 ka on
EDC well-conserved ice. The most recent 100 ka do not show clear
insolation imprinted variability due to large dO2/N2 depletions at
the air bubbles/clathrates transition (Bender, 2002).
On Fig. 3, we can see clear similarities between the local
December 21st insolation (75S for EDC) and dO2/N2 variations as
evidenced in previous studies (Bender, 2002; Kawamura et al.,Number of samples Depth (m) Age (ka)
352 1872.23e2664.72 153.03e374.22
is) 56 2261.63e2351.88 235.01e256.35
75 1904.07e2561.87 163.56e332.03
Fig. 1. Top: Record over the last 800 ka of ice dD from EDC (light green: Jouzel et al., 2007) and global sea level estimate (green: Bintanja et al., 2005). Middle: Composite EDC-Vostok
d18Oatm variations (blue: Petit et al., 1999; Dreyfus et al., 2007, 2008; Landais et al., 2013; Bazin et al., 2016, red: this study) on the AICC2012 chronology (Bazin et al., 2013; Veres
et al., 2013) and the June 21st insolation signal at 65N (grey: Laskar et al., 2004). Bottom: The percentage of IRD at site ODP980 (orange: McManus et al., 1999) transferred on
AICC2012 timescale (Vazquez Riveiros, Comm. Pers.) and the Ca/Sr ratio at site U1302, a proxy of Laurentide sourced IRD (light orange: Channell et al., 2012). The grey bars highlight
the glacial terminations. The inset shows a focus on the high-resolution data over Termination III. (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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local summer insolation variations, the relative amplitudes of the
two signals do not match, as already observed for the period
350e800 ka (Bazin et al., 2016).
Landais et al. (2012) and Bazin et al. (2016) identified a general
decreasing dO2/N2 trend over the last 800 ka by 7.9‰ (1s) per
million years (Ma). Stolper et al. (2016) have interpreted the mean
decrease of 8.4‰ per million years (±0.2‰ per million years, 1s) for
all dO2/N2 record (EDC, Vostok and Dome F) as a result of the
changes in organic carbon fluxes over the last 800 ka. Still, many of
the dO2/N2 data presented in the cited work were affected by gas
loss, hence questioning the robustness of this long dO2/N2 trend.
Our new measurements, free from gas loss correction, show that
this long-term trend is significant and we obtain a new value of
7.0± 0.6‰ per million years (1s) decrease of dO2/N2 for the whole
EDC curve (Fig. 4).
The EDC dO2/N2 record can also be comparedwith Vostok (Suwa
and Bender, 2008) and Dome F (Kawamura et al., 2007)measurements covering the last 400 ka (Fig. 4). Note that the EDC
record is the only one that is not much affected by gas loss. Dome F
and Vostok dO2/N2 data displayed on Fig. 4 were obtained on
samples stored at 20 C and corrected for gas loss. However,
similar decreasing trends are observed for all three sites with a
higher value for EDC than for Dome F and Vostok (Fig. 4). The
variations at orbital scale are also observed on these three records
between 100 and 150 ka, as previously noted by Bazin et al., (2016).
Furthermore, the Vostok curve shows lower values and higher
amplitude than the other two sites, most probably due to the gas
loss influence.
4. Discussion
4.1. d18Oatm orbital variations
Orbital tuning is largely used for dating paleoclimate archives.
Still, one of the main difficulties is to properly determine the orbital
Fig. 2. Comparison of EDC d18Oatm data (blue: Dreyfus et al., 2007, 2008; Landais et al., 2013; Bazin et al., 2016; this study), Vostok record (green: Petit et al., 1999; Bazin et al., 2013)
and Dome F record (orange: Kawamura et al., 2007). Dome C and Vostok are drawn on the AICC2012 chronology. Dome F is presented on AICC2012 between 0 and 216 ka using
volcanic synchronization (Fujita et al., 2015). The June 21st insolation at 65N is also represented (grey: Laskar et al., 2004). (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)
Fig. 3. EDC records of dO2/N2 (blue: Landais et al., 2012; Bazin et al., 2016, red: this study) on the AICC2012 chronology superimposed to the 75S summer solstice (December 21st)
insolation (grey: Laskar et al., 2004). The grey bars highlight the glacial terminations. (For interpretation of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)
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multiplicity of mechanisms involved in driving its variations. Some
studies used the June 21st insolation at 65N as target for d18Oatm
(Jouzel et al., 1996; Shackleton, 2000; Dreyfus et al., 2007), or even
the 20N summer insolation (Bender et al., 1994; Malaize et al.,
1999). In parallel, d18Ocalcite from East Asian speleothems, also
largely linked to water cycle dynamic on a large regional scale
(Caley et al., 2014) aligns well with the boreal summer insolation,
July 21st at 65N (or integrated summer insolation over June-July-
August; Wang et al., 2001, 2008).
Some phase delays have been observed between orbital varia-
tions of proxy records and their chosen target. On average, there is a
~3 ka lead of precession (2 ka lead of July 21st insolation) over East
Asian d18Ocalcite variations through the last climatic cycles (Wang
et al., 2008; Clemens et al., 2010). This is 2 ka larger than the
mean delay obtained over the last climatic cycle between modeled
d18Ocalcite variations of East Asian speleothems and precession using
an intermediate complexity fully coupled climate model forced
only by orbital parameters, ice sheet size and greenhouse gasesconcentration (i.e. no freshwater forcing representing the influence
of Heinrich events, Caley et al., 2014). The 2 ka additional lag be-
tween d18Ocalcite variations of East Asian speleothems and summer
insolation may thus be attributed to the influence of Heinrich
events on low latitude water cycle through shifts of the ITCZ. Ice
core d18Oatm variations also exhibit a lag with respect to its orbital
target: a lag of 5e6 ka has been observed between the June 21st
insolation and d18Oatm variations over the last two deglaciations
(Dreyfus et al., 2007; Bazin et al., 2016). The influence of Heinrich
events on this lag can also be questioned. Based on the similarity
between d18Oatm and speleothems, already noted by Wang et al.
(2008), Severinghaus et al. (2009) and Landais et al. (2010), we
choose the July 21st insolation at 65N as target for the d18Oatm in
the following.
The simplest way to look at the delay between the d18Oatm and
the July 21st insolation is to draw the temporal evolution of the shift
between d18Oatm and its orbital target over time. This is however
circular since the ice core chronology, before annual layer counting
(60 ka), is partly deduced from d18Oatm tuning with the June 21st
Fig. 4. Inter-comparison of dO2/N2 records from EDC (blue: Landais et al., 2012; Bazin et al., 2016; this study), Vostok (green: Suwa and Bender, 2008) and Dome F (orange:
Kawamura et al., 2007) presented on the AICC2012 chronology. The Dome F data are transferred on the AICC2012 chronology using the volcanic matching of Fujita et al. (2015) over
the period 0e216 ka. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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et al., 2007; Bazin et al., 2013). To keep a critical eye on this
assumption, we look in parallel at the delay between the dO2/N2
variations and its orbital target, the local summer solstice insola-
tion, as already proposed by Bazin et al. (2016). The idea behind this
comparison is the following: if a large delay is observed synchro-
nously between dO2/N2 vs local summer solstice insolation and
between d18Oatm vs June 21st insolation at 65N, this delay is due to
an issuewith the chronology. If the delay is observed only for one of
the two comparisons, it questions the phasing between the proxy
variation and its orbital target.
The delay is estimated through the use of Match protocol
(Lisiecki and Lisiecki, 2002). This method uses dynamic program-
ming with penalty functions to constrain accumulation rates in
order to find a realistic and optimal fit between two records. Before
matching d18Oatm and dO2/N2 to their respective orbital targets (July
21st insolation at 65N and December 21st insolation at 75S), the
data have been normalized by subtracting the mean from each
series and then dividing by the series' standard deviation. Using the
normalized data it is then possible to calculate the age differences
between the original series and the tuned series to explore the
delay between each proxy series and their orbital targets (Fig. 5).
The difference between (1) the delay d18Oatm vs July 21st inso-
lation at 65N and (2) the delay dO2/N2 vs December 21st insolation
at 75S provides a mean of discerning between lags resulting from
chronological tuning and climatemechanisms (Fig. 5). Still, because
of scatter in the dO2/N2 data, this curve may be associated with
some uncertainties such as between 100 and 110 ka. Furthermore,
the low correlation between dO2/N2 and its orbital target before
650 ka limits the interpretation of the delay over this period.
Making the assumption that dO2/N2 is tied to its orbital target
without delay (Kawamura et al., 2007), we propose that the most
prominent peaks in the black curve reflect the largest delays be-
tween the July 21st insolation at 65N and the d18Oatm variations.
We highlight periods where insolation is in advance bymore than 5
ka compared to the d18Oatm signal at 135, 250, 340, 405 and 430 ka
(Fig. 5). In addition, periods where d18Oatm is in advance with
respect to insolation are highlighted at 376 and 445 ka. Most of the
identified peaks (at 135, 250, 340 and 430 ka) correspond to the
occurrence of large or repeated Heinrich events (Fig. 5) including
those associated with Terminations II, III, IV and V (no dO2/N2 are
available for Termination I because of poor ice core quality). The
two remaining peaks (at 376 and 445 ka) are associated with poorresemblance between the dO2/N2 or d18Oatm and their orbital tar-
gets and should thus be considered with caution. For the remaining
periods, the delay between d18Oatm and the July 21st insolation at
65N corrected from the delay between dO2/N2 and its insolation
target is always lower than 5 ka, hence suggesting that the sys-
tematic shift of 5 ka (or 6 ka) between d18Oatm and July 21st inso-
lation at 65N (or the June 21st insolation at 65N) is not optimal for
ice core chronology construction.
4.2. Drivers of the millennial variations
Heinrich events and the millennial climate variability of the last
glacial period have already been shown to leave an imprint on the
d18Oatm signal through the influence of the low latitude hydrolog-
ical cycle (Landais et al., 2007, 2010; Severinghaus et al., 2009;
Reutenauer et al., 2015; Seltzer et al., 2017). Indeed, southward
ITCZ shifts during Heinrich events are associated with changes in
the biosphere productivity and in the isotopic composition, leading
to increases in d18Oatm (Reutenauer et al., 2015).
Due to the long residence time of oxygen in the atmosphere
(1e2 ka), the signature of millennial events on the d18Oatm record is
smoothed. Severinghaus et al. (2009) proposed to look at the
drivers of d18Oatm changes, themselves being expected to bear a
millennial-scale signature. They thus introduce the empirical
parameter, DεLAND as defined in Eq. (4), representing the changes in
water cycle d18O and fractionation during oxygen uptake driving
the relative changes of d18Oatm with respect to global d18Osea water
(hence Dole effect).
DεLAND ¼  "t dd18Oatmdt þ d18Oatm  d18Osea water# 1fL (4)
t is the residence time of oxygen in the atmosphere (1 ka),
dd18Oatm/dt is the temporal derivative of d18Oatm, d18Osea water is the
global isotopic composition of sea water, whose evolution over the
last climatic cycles can be obtained from Lisiecki and Raymo (2005),
and fL is the fraction of oxygen photosynthesis occurring on land
(considered constant through time and equal to 0.65 based on the
discussion in Blunier et al., 2002). DεLAND has been calculated based
on new high resolution d18Oatm record (Appendix B) and is dis-
played on Fig. 6. As observed for the Siple and WAIS ice cores
(Seltzer et al., 2017), the DεLAND deduced from the d18Oatm data from
Dome C (and Vostok between 41 and 98 ka) displays strong
Fig. 5. Evolution of the time delay over the last 650 ka. a: d18Oatm record (blue: Petit et al., 1999; Dreyfus et al., 2007, 2008; Landais et al., 2013; Bazin et al., 2016; this study) and its
orbital forcing (grey: July 21st insolation at 65N, Laskar et al., 2004). b: dO2/N2 record (green: Landais et al., 2012; Bazin et al., 2016; this study) associated with its orbital forcing
(grey: December 21st insolation at 75S, Laskar et al., 2004). The delay between the original data (d18Oatm and dO2/N2) and the results after optimal alignment with their respective
orbital targets using Match Protocol are shown next. c: The light blue curve represents the age difference between the original d18Oatm record and the tuned d18Oatm signal on the
July 21st insolation at 65N and the light green curve represents the age difference between the original dO2/N2 record and the tuned dO2/N2 signal on the December 21st insolation
at 75S. The black curve is the difference between the light blue curve and the light green curve, hence the delay of d18Oatm vs its insolation target assuming that dO2/N2 should
always be in phase with local summer solstice insolation (Bender, 2002; Kawamura et al., 2007). The EDC data are presented on the AICC2012 chronology. d: The percentage of IRD
at site ODP980 (orange: McManus et al., 1999) transferred on AICC2012 timescale (Vazquez Riveiros, Comm. Pers.) as well as the Ca/Sr ratio at site U1302, a proxy of Laurentide
sourced IRD are also displayed (light orange: Channell et al., 2012). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of
this article.)
Fig. 6. a: d18Ocalcite composite record from Chinese caves (Cheng et al., 2016). b: d18Oatm record (Petit et al., 1999; Dreyfus et al., 2007, 2008; Landais et al., 2013; Bazin et al., 2016;
this study). c: The temporal derivative of the d18Oatm divided by the fraction of oxygen photosynthesis occurring on land fL. d: The inferred change in terrestrial 18O/16O fractionation
DεLAND (based on Severinghaus et al., 2009). e: CH4 concentration measured on EDC ice core (Loulergue et al., 2008). f: The percentage of IRD at site ODP980 (orange: McManus
et al., 1999) transferred on AICC2012 timescale (Vazquez Riveiros, Comm. Pers.) and the Ca/Sr ratio at site U1302 used for Heinrich events identification (light orange: Channell et al.,
2012). The d18Oatm, DεLAND, CH4 and the percentage of IRD are presented on the AICC2012 chronology. (For interpretation of the references to colour in this figure legend, the reader
is referred to the Web version of this article.)
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also strongly increases during Terminations II, III, IV, V, VI, VIII and
IX (Fig. 6). Such increases are partly driven by the Dole effect term
d18Oatm - d18Osea water in Eq. (4) through delays of several millennia
between the decreases in d18Osea water and d18Oatm during
terminations.
In addition to the d18Osea water component, DεLAND as driver of
d18Oatm on land is expected to be linked to the low latitude water
cycle on land, and, hence to be associated with southward shift of
the ITCZ, expressed as Weak Monsoon Intervals (WMI) in East Asia.
This influence is also responsible for part of the positive DεLAND
excursions during terminations associated with Heinrich events
through the temporal derivative term dd18Oatm/dt. A link between
DεLAND, East Asian d18Ocalcite and CH4 is expected over the last 800
ka through common influences of southward shift of the ITCZ, as
already observed over the last glacial period (Severinghaus et al.,
2009; Seltzer et al., 2017). The comparison between DεLAND and
d18Ocalcite records is however not obvious when looking at long time
periods (i.e. several glacial-interglacial cycles, Fig. 6). Overall, the
global correspondence is much better when comparing d18Oatm to
d18Ocalcite withmaximum correlation over the last 224 ka (R2¼ 0.81,
Landais et al., 2010) and a maximum R2 of 0.70 over the last 640 ka
(this study). Moreover, the temporal derivative term does not
match well with d18Ocalcite over the full 640 ka record (Fig. 6) while
there is a clear resemblance over the last glacial period
(Severinghaus et al., 2009). Similarly, the resemblance between CH4
andDεLAND is not straightforward despite the fact that CH4 is mainly
driven by low latitude terrestrial emissions at least during glacial
period (Loulergue, 2007). Over the last 350 ka, (i.e. period with
higher resolution in the d18Oatm signal, enabling millennial varia-
tions to be resolved), the correlation is rather poor between CH4
and d18Oatm (R2¼ 0.20) and between CH4 and DεLAND (R2¼ 0.35).
This is probably because CH4 is not only sensitive to shifts of the
ITCZ position, but also largely driven by high latitudes emissions
especially during warm periods. As a conclusion, while DεLAND is
appropriate to detect the drivers of d18Oatm changes during Hein-
rich events, it is not of much help on orbital timescale because of
the strong influence of d18Osea water whose relative chronology with
respect to ice core chronologies is also uncertain.
4.3. Suggestions for the use of d18Oatm in ice core dating and
application on the last glacial inception
Over the last 350 ka, where we have the highest resolution,
there is clear evidence of millennial d18Oatm changes superimposed
on d18Oatm variations resembling 65N insolation. This is particu-
larly visible over Termination III where the negative d18Oatm
excursion, probably driven by insolation at 250 ka (Fig. 5 TIII-1), is
interrupted by a positive excursion at 245 ka (Fig. 5 TIII-2) just
before the strong characteristic decrease in d18Oatm of Termination
III (Fig. 5 TIII-3). This feature can be generalized to each termination
where Heinrich events are responsible for a significant increase in
d18Oatm, at the origin of a larger delay between summer insolation
forcing and d18Oatm variations. The conclusion suggested by Fig. 5 is
thus that the 5 ka delay between summer insolation forcing and
d18Oatm variations used for ice core dating is mainly due to the
occurrence of Heinrich events and hence especially valid for ter-
minations. Consequently we propose that this 5 ka shift should not
be systematically imposed for dating purposes using d18Oatm and
July 21st insolation at 65N and search for alternative tuning
solutions.
Similarly to d18Oatm, the East Asian d18Ocalcite records are also
influenced by millennial and orbital dynamics, high summer inte-
grated insolation leading to lower d18Ocalcite and southward shifts of
the ITCZ concomitant with Heinrich events, leading to increases ofd18Ocalcite. The common variations of d18Oatm and d18Ocalcite are not
unexpected. Using a modeling experiment, Reutenauer et al. (2015)
clearly showed that the southward shift of the ITCZ, due to a North
Atlantic freshwater flux designed to mimic a Heinrich event, leads
to an increase of both d18Ocalcite and d18Oatm. It is thus tempting to
use d18Ocalcite, integrating both millennial and orbital variations, as
a target for the d18Oatm signal. Based on the above discussion, we
argue that the choice of this target may be more correct than the
July 21st insolation with a constant delay of 5 ka (or the June 21st
insolationwith a constant delay of 6 ka). Previous studies choose to
align CH4 with East Asian d18Ocalcite speleothem (Shackleton et al.,
2004; Buizert et al., 2015). While we recognize that this method
may be appropriate for millennial events of the last glacial period,
we argue for caution during deglaciations. Indeed, during the weak
monsoon interval occurring within the first phase of a deglaciation
marked by a Heinrich event, CH4 shows a strong increase, probably
induced by high latitude emissions. This CH4 pattern during de-
glaciations disagrees with the d18Ocalcite variations. Similarly, the
orbital variations of the East Asian d18Ocalcite are not seen in the CH4
record probably due to high latitude emissions of CH4 in the
Northern hemisphere (e.g. Yu et al., 2013).
In Fig. 7, we display the phase delay (calculated with Match
protocol) between the EDC d18Oatm record and the d18Ocalcite stack
for East Asian speleothems. In contrast to the difference between
the orbitally tuned d18Oatm and dO2/N2 (Fig. 5) and despite chro-
nological uncertainties, the delay between ice core d18Oatm and East
Asian d18Ocalcite does not exhibit systematic large values associated
with terminations. Over the most recent period presenting a high-
resolution d18Oatm record (last 350 ka), strong variations of the
delay between ice core d18Oatm and East Asian d18Ocalcite occur over
MIS 5. We note that MIS 3, between 50 and 40 ka, is also associated
with a high delay (~5 ka, Fig. 7). However, we refrain from dis-
cussing further this period because of the low correlation between
the d18Oatm and d18Ocalcite records (maximum R2¼ 0.3 against 0.7
for the whole 640 ka period), due to the multitude of rapid events
recorded within the d18Ocalcite record that cannot be captured
accurately by d18Oatm due to the long residence time of oxygen.
In the following, we propose that aligning ice core d18Oatm and
East Asian d18Ocalcite can be a solution for improving ice core
chronologies on long timescales and should replace the classical
orbital alignment method. As a test for this new tuning method for
d18Oatm, we propose an application on the ice core MIS 5
chronology.
For this test, it should be stated that aligning d18Oatm and East
Asian d18Ocalcite is not always obvious because of the long residence
time of oxygen in the atmosphere and the fact that d18Ocalcite is
sometimes showing abrupt variations, even during deglaciations or
glacial inceptions. In a first attempt, we propose to align the d18Oatm
and d18Ocalcite records using mid-slopes of their variations. In other
words, we align the extrema in the temporal derivatives of d18Oatm
and d18Ocalcite (Fig. 8). This exercise was done for the period
100e140 ka in order to propose an alternative timescale for the EDC
and NGRIP ice cores, NGRIP and EDC chronologies being linked
through stratigraphic dating constraints gathered in the AICC2012
chronology (Bazin et al., 2013; Veres et al., 2013). Other alignment
methods between these records are presented in the section 4.4
dedicated to uncertainties.
Fig. 8 compares EDC d18Oatm with the East Asian d18Ocalcite stack
(as low latitude water cycle proxy) on one hand and NGRIP d18Oice
with d18Ocalcite from NALPS (reflecting high latitudes northern
hemisphere climate, Boch et al., 2011) on the other hand. As already
noted in the introduction and in Veres et al. (2013), there is a clear
mismatch between NGRIP d18Oice and NALPS d18Ocalcite over the last
glacial inception when drawing NGRIP d18Oice on the AICC2012
timescale. A similar mismatch is observed between EDC d18Oatm
Fig. 7. a: July 21st insolation at 65N (Laskar et al., 2004). b: The respective d18Oatm (blue: Petit et al., 1999; Dreyfus et al., 2007, 2008; Landais et al., 2013; Bazin et al., 2016; this
study) and d18Ocalcite (red: Cheng et al., 2016) records. c: Delay between ice core d18Oatm and d18Ocalcite from Chinese caves. d: IRD percentage at site ODP980 (orange: McManus et al.,
1999; Vazquez Riveiros, Comm. Pers.) and the Ca/Sr ratio at site U1302 (light orange: Channell et al., 2012). The line at 5 ka is the mean delay between the d18Oatm and the July 21st
insolation at 65N obtained during Terminations I and II. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
Fig. 8. Top: Comparison of high-mid latitude signals: NGRIP d18Oice (green: NGRIP members, 2004) and NALPS speleothem d18Ocalcite (red: Boch et al., 2011). Middle: Low latitude
records: EDC d18Oatm (dark blue: Landais et al., 2013) and East Asian speleothem d18Ocalcite (orange: Cheng et al., 2016). The brown dots represent the tie points used for the
alignment between the extrema derivative of d18Oatm (black dots) and the abrupt changes in d18Ocalcite. Bottom: Time derivative of EDC d18Oatm (light blue) and East Asian d18Ocalcite
(brown) with indication of respective extrema (black and red dots) and change of sign (grey and pink dots) used to test the alignment method. The Dansgaard-Oeschger events are
numbered. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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tween abrupt changes in surface temperature in Greenland and
d18Ocalcite in the Alps during the succession of Dansgaard-Oeschger
(DO) events, a delay of 2.7 ka over the onset of DO 25 seems quite
unrealistic (Fig. 8), given uncertainty of the NALPS chronology of
0.2e0.5 ka over the 60e120 ka period (Boch et al., 2011). Following
our proposed alignment method between EDC d18Oatm and East
Asian d18Ocalcite, we revise the EDC and NGRIP AICC2012 chronol-
ogies over this period using the Datice tool (Lemieux-Dudon et al.,
2010; Bazin et al., 2013) using the new control points defined in
Fig. 8 with a 1.22 ka uncertainty (chosen in agreement with un-
certainties determined in section 4.4). All other stratigraphic and
absolute control points used to constrain the coherent chronology
between EDC, Vostok, EPICA Dronning Maud Land, TALDICE and
NGRIP ice cores are the same as during the AICC2012 construction,
except for the four Vostok d18Oatm agemarkers over MIS 5 that have
been removed. We find an improved agreement between NGRIP
d18Oice on the revised chronology and NALPS d18Ocalcite, especially
over the onset of DO 25, with a resulting chronology 2.2 ka older
than AICC2012 (Fig. 9). The timing of DO 24 in NGRIP record is also
2.3 ka older than AICC2012 and is now comparable to the NALPS
record. We thus consider the improved synchronization between
NGRIP d18Oice and NALPS d18Ocalcite on Fig. 9 as encouraging for
further use of East Asian d18Ocalcite as target for d18Oatm dating.4.4. Uncertainties and limitations
Even if alignment between d18Oatm and East Asian d18Ocalcite may
be a tool to refine ice core chronologies, we want to stress that it
should not be used without cautiousness. First, the d18Oatm and
d18Ocalcite signals should be comparable on the considered periods.
Second, even if modeling studies have confirmed the good corre-
spondence between East Asian d18Ocalcite and d18Oatm during
Heinrich events (Reutenauer et al., 2015), the same demonstration
needs to be done for orbital scales. Third, the match between
d18Oatm and East Asian d18Ocalcite is associated with three major
sources of uncertainty detailed below.
1/ d18Oatm is a more integrative signal than East Asian d18Ocalcite
which involves large-scale atmospheric circulation effects but also
a potential control of seasonality (sea surface temperature variation
or ITCZ migration). However, Caley et al. (2014) have shown that
the d18Ocalcite has to be considered as a proxy of the mean annual
hydrological cycle and not as a summermonsoonal proxy. They alsoFig. 9. NALPS speleothem d18Ocalcite record (red: Boch et al., 2011) and NGRIP d18Oice evolutio
extrema values of the derivatives (green curve), the extrema values of the d18Oatm derivative
curve). The Dansgaard-Oeschger events are numbered. (For interpretation of the referencesestimate the uncertainty between summer and annual d18Ocalcite
variations in response to insolation forcing to about 1 ka. Taking
into account amaximum 1 ka uncertainty, the d18Ocalcite seems then
a good proxy to infer annual variations of hydrological processes
and comfort the suggestion of using it as a target for d18Oatm tuning.
2/ The uncertainties associated with the speleothems chronol-
ogies (obtained with 230Th dating) need also to be considered. The
different speleothems records in the composite signal of Cheng
et al. (2016) have different uncertainties over the recent part.
Wang et al. (2008) have obtained an uncertainty in age of ±0.7 ka
(2s) between 60 and 130 ka and ±1.5 ka (2s) between 130 and 180
ka. Kelly et al. (2006) have an uncertainty of ~1 ka (2s) between 100
and 140 ka and Dorale et al. (2004) have shown that for the last
interglacial, the errors associated with 230Th dating are ranging
between 0.5 and 1 ka (2s). So over the recent part of the East Asian
d18Ocalcite composite record, the uncertainty can be estimated to
~0.5 ka (1s), but increases up to 8 ka at 640 ka (Cheng et al., 2016).
This limits the alignment of d18Oatm with d18Ocalcite for old time
periods.
3/ In order to estimate the uncertainty related to the alignment
method between the records, we test three different methods. First
we choose to align both extrema in the time derivative corre-
sponding to mid-slopes of d18Oatm and d18Ocalcite records (Fig. 8).
Second, we align periods where the sign of both derivatives are
changing, corresponding to inflexion points in the d18Oatm and
d18Ocalcite original records (Fig. 8). Finally, we align the extrema
values in the time derivative of d18Oatm and sharp changes in
d18Ocalcite (Fig. 8) since d18Oatm signal is an integrative signal on a
much longer timescale than d18Ocalcite; this method is particularly
well adapted for millennial variability. After realization of the
different alignment methods and comparison of the resulting
chronologies (Fig. 9), we estimate a maximum difference between
the chronologies of 0.37 ka for DO 23, 0.44 ka for DO 24, and 0.40 ka
for DO 25. Considering an upper limit for discrepancy between
chronologies, we assign an additional 0.50 ka (1s) uncertainty for
the alignment method.
Finally, combining these three sources of uncertainties, we es-
timate a 1.22 ka (1s) uncertainty for the d18Oatm e d18Ocalcite dating
method over MIS 5.4.5. Toward a new Antarctic ice core chronology
We apply here the new d18Oatm dating approach for the EDC icen on the new chronologies after aligning d18Oatm and East Asian d18Ocalcite based on the
with changes in d18Ocalcite (blue curve), and change of the derivatives sign (dashed black
to colour in this figure legend, the reader is referred to the Web version of this article.)
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thems could potentially reduce the current uncertainty in EDC
chronology. Using the same methodology as presented in section
4.3, we chose 51 markers between 100 and 640 ka (corresponding
to the extrema values of the time derivative) to align the d18Oatm
and the d18Ocalcite signals (Fig. 10). Over this time period, the un-
certainties associated with speleothems 230Th dating are taken
from Cheng et al. (2016). We additionally consider a 1 ka uncer-
tainty for the d18Ocalcite variations in response to insolation forcing
and a 0.5 ka uncertainty for the d18Oatm e d18Ocalcite alignment
method as discussed in previous section. The total uncertainties can
then be calculated and applied between 100 and 640 ka. They vary
between 1.3 ka at 105 ka to 6.9 ka at 630 ka. Before 640 ka, in the
absence of speleothem data, we kept the classical d18Oatm orbital
tuning to precession with an uncertainty of 6 ka as used for
AICC2012.
Fig.10 compares the EDC dD record on AICC2012 and on the new
chronology based on the d18Oatm e d18Ocalcite alignment method.
The difference between the two chronologies is generally below 2
ka except for the last glacial inception and over the sequence of MIS
10 and MIS 11 where differences up to 4 ka are reached. In partic-
ular, taking the classical threshold of 403‰ as a definition of an
Antarctic warm period (EPICA community members, 2004), the
MIS 11 duration is only 29.8 ka on the d18Oatm e d18Ocalcite chro-
nology compared to the 31.1 ka estimated on AICC2012. Most
importantly, the age uncertainty is strongly reduced around MIS 11
in the chronology based on the d18Oatm e d18Ocalcite alignment with
a reduction from 3.8 ka for AICC2012 to 2.3 ka (Fig. 10). Indeed, due
to low eccentricity, only few orbital tie points could be found over
this period during the construction of AICC2012 as can be seen from
the poor correspondence between d18Oatm (dO2/N2) and summer
insolation at 65N (December 21st insolation at 75S) on Fig. 5. The
matching between d18Oatm and d18Ocalcite over the MIS 10 e MIS 11Fig. 10. Top: Representation of the uncertainties associated with the ice age of AICC2012 (blu
between 100 and 640 ka on AICC2012 (blue: Jouzel et al., 2007) and on the new EDC chr
between d18Oatm and d18Ocalcite. Bottom: The age difference between AICC2012 and the d18Oa
in this figure legend, the reader is referred to the Web version of this article.)period (Appendix C) is much better than the matching between
d18Oatm and summer insolation. Before 450 ka and due to higher
speleothem dating uncertainties, the d18Oatm e d18Ocalcite chronol-
ogy present higher uncertainties, close to the ones obtained with
the AICC2012 chronology (Fig. 10).
5. Summary & conclusions
In this study we have presented new EDC d18Oatm data between
153 and 374 ka expanding the previous EDC record focused on the
300e800 ka and 100e150 ka periods. The high-resolution record
presented here allows an unprecedented study of d18Oatm dynamics
over the recent glacial terminations. These data were combined
with new dO2/N2 data obtained on well-preserved ice (50 C) for
the same period. Combination of these series on the same ice core
shows that the classical dating target for d18Oatm, i.e. the boreal
summer insolation with a constant 5 ka shift, should be revised.
Indeed, we show that this 5 ka shift is mainly due to the delay
induced by Heinrich events particularly during deglaciations. As
already demonstrated in previous studies (e.g. Landais et al., 2007;
Severinghaus et al., 2009; Capron et al., 2012), d18Oatm is sensitive to
both orbital and millennial scale variations of the low latitude
water cycle.
Because East Asian d18Ocalcite includes similar orbital and
millennial variations, and is also directly influenced by the low
latitude water cycle, we propose that East Asian d18Ocalcite could be
used as an alternative target for the d18Oatm signal because of their
concomitant variations. This is especially true over Heinrich events
associated with Weak Monsoon Interval through a southward shift
of the ITCZ. We argue that matching d18Oatm with East Asian
d18Ocalcite is probably a better tool for ice core dating than the
matching of CH4 to East Asian d18Ocalcite during glacial-interglacial
transitions. Indeed, while methane shares many similarities withe: Bazin et al., 2013) and d18Oatm e d18Ocalcite (green) chronologies. Middle: dD evolution
onology (green). The orange diamonds represent the markers used for the alignment
tm e d
18Ocalcite chronology is represented. (For interpretation of the references to colour
Fig. A1. Paired difference plot for the d18Oatm versus dO2/N2 (second replicate minus
first replicate) for two datasets: 2014 in orange and 2015e2016 in blue.
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period, methane variations do not exhibit similar variations to
d18Ocalcite over deglaciation and some precession cycle. This is
probably because methane is strongly influenced by high latitude
emissions during warm periods while d18Oatm is more sensitive to
low latitude water cycle.
Finally, this new dating strategy has been tested over the last
glacial inception where the alignment between d18Oatm and East
Asian d18Ocalcite leads to an improved comparison between NGRIP
d18Oice record and mid-latitude climatic record (here NALPS spe-
leothems). It was then extended to the last 640 ka where the new
chronology based on d18Oatm e d18Ocalcite alignment implies revised
ages, in particular for duration of MIS 11. The uncertainty of the
chronology based on d18Oatm e d18Ocalcite alignment is significantly
reduced (~2 ka instead of ~4 ka) around MIS 11, hence supporting
further use of this dating tool for future ice core dating.
Still, it could be argued that there is yet no direct proof that
d18Oatm is varying synchronously with East Asian climatic signal
and hence d18Ocalcite on long timescales. This is the reason why,
following the model study of d18Oatm over a Heinrich event
(Reutenauer et al., 2015), we see as a next step the direct simulation
of both d18Ocalcite and d18Oatm over at least one climatic cycle.
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Appendix A. d18Oatm and dO2/N2 relationship
Gas loss during storage at 20 C has the effect to decrease the
O2/N2 ratio, since O2 molecules are smaller than N2 molecules. It
also affects the d18O of O2 in air trapped in ice core and hence
d18Oatm. Landais et al. (2003b) have found a linear relationship of
0.01 due to gas loss between the changes in dO2/N2 and changes in
d18Oatm in the Vostok and GRIP ice cores. This relationship is in good
agreement with the link between d18Oatm and dO2/N2 variations
found by Severinghaus et al. (2009) for the Siple Dome ice core
even if these authors also used the Ar/N2 ratio to better constrain
gas loss effects.
In our study, Ar/N2measurements could not be determinedwith
a sufficient precision. We thus used d18Oatm and dO2/N2 measure-
ments presenting large differences between the dO2/N2 replicate
values to study the relationship between these two proxies. We did
this exercise for two datasets, 2014 and 2015e2016, and plot the
difference between d18Oatm replicates versus the difference be-
tween dO2/N2 replicates of the same sample on Fig. A1. We obtain a
mean slope of 0.012 (Fig. A1), which is coherent with the slope of
0.01 found by Landais et al. (2003b) for the relationship between
d18Oatm and dO2/N2 due to gas loss and we thus choose to apply the
same correction:
d18Oatm corrected ¼  d18Oatm þ ðdO2=N2 þ 10Þ  0:01 (A1)
The average value of 10‰ in the above equation agrees withthe mean value of the dO2/N2 signal at EDC without gas loss in-
fluence over our series of measurements.Appendix B. DεLAND calculation
DεLAND is an empirical parameter that represents the water cycle
and respiratory fractionation changes over time (Severinghaus
et al., 2009). This parameter is calculated using the following
equation:
DεLAND ¼  "t dd18Oatmdt þ d18Oatm  d18Osea water#   1fL
(B1)
where t is the residence time of oxygen in the atmosphere (1 ka),
dd18Oatm/dt is the temporal derivative of d18Oatm, d18Osea water is the
global isotopic composition of sea water, whose evolution over the
last climatic cycles can be obtained from Lisiecki and Raymo (2005),
and fL is the fraction of oxygen photosynthesis occurring on land
(consider constant in time and equal to 0.65 based on the discus-
sion by Blunier et al., 2002). To calculate DεLAND, the d18Oatm series
was interpolated with a 100 years' time step and then fitted using
the Savitzky-Golay algorithm with 25 points at second order. The
time derivative was then calculated on this fitted curve using the
d18Oatm slope over a 200 years period. The d18Osea water record has
also been interpolated with a 100 years' time step and smoothed
with the Savitzky-Golay algorithm to match the d18Oatm timescale.
Finally, the DεLAND has been calculated using the time derivative
and the corresponding smoothed and interpolated d18O values.
Appendix C. d18Oatm chronology comparison
Fig. C1 shows how the new chronology improves the correlation
between d18Oatm and d18Ocalcite especially during periods where the
delay was maximum in Fig. 7 (e.g. R2 increases from 0.49 to 0.76 for
Termination II and from 0.53 to 0.75 during MIS 10e11).
Fig. C1. Comparison of d18Ocalcite from East Asian speleothems (orange: Cheng et al., 2016) with the d18Oatm record on AICC2012 in blue (Dreyfus et al., 2007, 2008; Landais et al.,
2013; Bazin et al., 2016; this study) and on the d18Oatm e d18Ocalcite chronology in green.
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